We examined the spatial distributions of picoplankton, nanoplankton, and microplankton biomass and physiological state relative to the hydrography of the Southern Ocean along 90°W longitude and across the Drake Passage in the late austral winter. The eastern South Pacific Ocean showed some large-scale biogeographical differences and size class variability. Microbial ATP biomass was greatest in euphotic surface waters. The horizontal distributions of microbial biomass and physiological state (adenylate energy charge ratio) coincided with internal currents (fronts) of the Antarctic Circumpolar Current. In the Drake Passage, the biological scales in the euphotic and aphotic zones were complex, and ATP, total adenylate, and adenylate energy charge ratio isopleths were compressed due to the extension of the sea ice from Antarctica and constriction of the Circumpolar Current through the narrow passage. The physiological state of microbial assemblages and biomass were much higher in the Drake Passage than in the eastern South Pacific Ocean. The temperature of Antarctic waters, not dissolved organic carbon, was the major variable controlling picoplankton growth. Estimates of picoplankton production based on ATP increments with time suggest that production under reduced predation pressure was 1 to 10 ,ug of carbon per liter per day. Our results demonstrate the influence of large-scale hydrographic processes on the distribution and structure of microplankton, nanoplankton, and picoplankton across the Southern Ocean.
The Southern Ocean has hydrographic regimes unlike those of any other major ocean. This ocean is characterized by three high-speed cores, collectively called the Antarctic Circumpolar Current, which produce a persistent clockwise circulation pattern around Antarctica (34) . These high-speed cores establish strong boundaries within the system (see Fig.  2 and 3) , and the internal currents shift seasonally and annually (42) . The Subantarctic Front (Antarctic Convergence) is the largest and northernmost high-speed core, followed by the Polar Front and the Continental Front (Antarctic Divergence). These vertically coherent fronts separate the following four transitional zones: (i) the Continental Zone, which is seasonally covered with sea ice; (ii) the Antarctic Zone, which is bordered by the Polar and Continental Fronts; (iii) the Polar Frontal Zone, which is bordered on the north by the Subantarctic Front; and (iv) the Subantarctic Zone, which extends from the Subantarctic Front to the Subtropical Convergence.
The Southern Ocean provides an attractive area to study high-latitude pelagic food webs. These food webs, responding to the northward advection of nutrient-rich water from the Continental Zone and the dynamic interaction of adjacent waters along each front, are supposedly quite distinct across the Southern Ocean (9, 21) . Frontal areas are characterized by strong vertical and horizontal mixing due to meteorological conditions and thermohaline gradients (15, 16, 23, 24, 30, 31, 38) .
In previous studies workers have emphasized macrozooplankton and phytoplankton (20, 27, 40) . Although the structure and physiology of phytoplankton (diameter, <200 ,um) have been studied (9, 10, 21) , the heterotrophic picoand nanoplankton (0.2 to 20 ,um) have been largely neglected on the geographical scale of the system (11, 44) . The object Immediately after retrieval 5 liters of water was through a 100-p,m mesh Nitex screen to remo' plankton and held near in situ temperature until s tionation and filtration were completed. Generally, ples were processed within 1 h and were never hel than 2 h. Water samples held for 4 h showed no c ATP concentration, irrespective of changes in water Salinity (103) ature. In addition, the volumes (250 to 1,000 ml) filtered had no apparent effect on the ATP recovered from seawater.
For size fractionation studies, 1,000 ml was passed through a 10-kum mesh Nitex screen and then filtered through 0. 4 (25) , and the physiological state of the plankton was evaluated by using the adenylate energy charge (AEC) ratio (26, 43) . We used both ATP and total adenylate measurements to identify microbial biomass distribution because ATP turnover in cells occurs in seconds and total adenylate analysis should compensate for any ATP turnover. In addition, total adenylate values may be better measures of microbial biomass distribution than ATP values alone (25, 26) . However, there have been no experiments that demonstrate any correspondence between total adenylate content and microbial carbon content.
Adenylate nucleotides from the plankton, which were collected on filters having different pore sizes, were immediately extracted in 5 ml of boiling 0.02 M Tris-hydrochloride buffer at pH 7.8. Duplicate 100-,ul subsamples were measured for ATP concentration onboard the ship by using a crude firefly lantern extract (Sigma Chemical Co.) and a Chem-Glow photometer. The remaining adenylate extract was frozen (-20°C) and transported to the Skidaway Institute of Oceanography on dry ice. All adenylate extracts were analyzed within 60 days of collection.
The extracts were thawed at laboratory temperature and were assayed for ATP, ADP, and AMP (26) . ADP and AMP were quantitatively converted to ATP by using pyruvate kinase and adenylate kinase (Sigma), respectively. By successively treating portions from each sample with and without one or both purified enzymes, the contribution of each adenylate nucleotide to the bioluminescence reaction was calculated. Background bioluminescence was reduced by rehydrating the firefly lantern extract for 12 to 18 h at 4°C. Bioluminescence values were based on the instantaneous light emission produced after injection of 100 p.l of firefly extract into 100 p.1 of adenylate extract. The integration of the initial light peak (10 s) reduced the interference produced by other nucleotide triphosphates in the extract (26 (36) . For consistency with other analyses, we used 0.4-p.m filters, which excluded picoplankton which were <0.4 p.m in diameter (41) . When most predators are removed from seawater, picoplankton growth is relatively unrestricted over short time intervals (18) . Based on the theory that bacterioplankton growth is exponential (7, 17) , ATP concentrations were transformed to natural logarithms for linear regression analysis. Four samples were taken over time to establish the slopes. Growth potential was calculated from the slopes of linear regressions. ( Fig. 4 ). In the Drake Passage ( Fig. 5 ), the plankton biomass was almost three times greater than the biomass in the eastern South Pacific Ocean. ATP and total adenylate isopleths indicated a more complicated distribution pattern and alignment with the physical structure of the water (Fig. 3) . Areas of high plankton biomass were near the northern extension of the pack ice and in slope waters off Cape Horn. The Polar Frontal Zone had a narrow deep window of higher ATP concentrations in the Drake Passage. This window of higher plankton biomass was in an area where strong vertical isopycnals extended to more than 1,000 m (Fig. 3) .
Plankton biomass for different size classes in two geographical areas. Figure 6 shows the geographical distributions of plankton biomass in the three size classes, averaged over 100 m of surface water along 900 W in the eastern South Pacific and across the Drake Passage. As near the Subtropical Convergence) (Fig. 1 through 3) . However, increases in biomass for each size class did not always occur congruently. In the Pacific sector, the biomass of nanoplankton (10-to 3-,um size class) significantly dominated (57%) the biomass of plankton that were less than 100 p.m in diameter (6 times greater than the picoplankton biomass and 1.6 times greater than the microplankton biomass) ( Table 1 ). In the Drake Passage, nanoplankton and microplankton biomasses were not significantly different (P > 0.05, Student's t test). The biomass of picoplankton in both areas amounted to 10 to 20% of the biomass of plankton that were <100 p.m in diameter. In addition, there were significant differences in biomass between the Pacific and Drake Passage ( Table 1 ). The Drake Passage waters contained 1.5 to 3 times more biomass in each size class than the Pacific sector waters.
Physiological state of Antarctic plankton. AEC ratios (an index of physiological state) delineated two areas of "average" physiological state (AEC ratio, 0.6 to 0.7) for natural plankton assemblages in the eastern South Pacific Ocean (Fig. 7) , one in the northern waters of the Subantarctic Zone AEC ratios for the three size classes in the Drake Passage are shown in Fig. 8 . Even though biomass (ATP) values were high near the sea ice, the planktonic assemblage had low AEC ratios (0.4 to 0.6). High AEC ratios (0.7 to 0.8) were often found in the Polar Frontal Zone and in the warmer Subantarctic Zone waters (6 to 8°C) near Cape Horn. In the Antarctic Zone the deep sea plankton had some of the lowest AEC ratios (<0.4), but near the vertical isopycnals (Stations 323 to 325) the ratios (0.6 to 0.8) were as high as those for surface plankton.
Growth responses of Antarctic picoplankton to temperature and organic nutrients. Studies of the effects of temperature on the growth potential of oceanic picoplankton (diameter, <3 ,um) from the Subtropical Convergence Zone indicated that these plankton grew about as fast at 0°C as they did at ambient temperature (6°C) (Fig. 9A) . At 10 to 15°C, however, their growth potential increased. Table 2 shows linear regression statistics of plankton growth in response to these temperature shifts.
To investigate the effects of organic nutrients on the growth potential of subantarctic picoplankton, different amounts of yeast extract were added to seawater that was passed through 3-p.m filters. We found that negative growth occurred in the unenriched growth bottles and in the growth bottles enriched with 1 mg of yeast extract per liter (Fig. 9B) , whereas positive growth occurred with enrichments of 5 and 10 mg/liter. (8) . To study the link between biological and physical processes, the spatial scales of biological components relative to physical scales of the system are important considerations. The physical scales of most oceanic systems are on the order of thousands of kilometers, whereas the biological scales range from less than 1 mm for planktonic microbial populations to more than hundreds of kilometers for nekton. In the Southern Ocean, the physical scales of four defined zones, each separated by high-velocity barotrophic currents (widths, 40 to 60 km) contained within the overall geostrophic flow of the ocean around Antarctica, have been described previously (33, 42) . The purpose of our study was to describe the mesoscale (10- The northern expanse of the Antarctic region varies along each meridian because of the southern range of continents into the Southern Ocean. However, between South America and the Antarctic Peninsula (the Drake Passage), hydrographic processes that normally occur over much larger geographical areas in the Southern Ocean are greatly compressed. This is clearly evident from a comparison of the isopleths across the eastern South Pacific with the isopleths in the Drake Passage ( Fig. 2 and 3) . If for no other reason, we would expect planktonic communities to be more active in the Drake Passage than in less dynamic regions of the ocean. Furthermore, we have reason to believe that the Polar Frontal Zone is another highly dynamic area for biological productivity in the Southern Ocean because of physical interactions of nutrient-rich waters from the Antarctic Zone with low-nutrient waters of the Subantarctic Zone (23, 30, 31, 33, 38) . Our results confirm these ideas. For example, we found that planktonic mnicrobial populations were nearly three times higher in the Drake Passage than in the eastern South Pacific, and they were most often aligned with frontal systems in the ocean. We also reported previously that bacterial biomass and production are two to three times greater at the Polar Front than in adjacent waters (18) . We believe that the higher biomasses at the frontal systems and in the Drake Passage are due to the mixing of different waters in various zones (i.e., nutrient exchanges at the fronts) (3, 5, 35) and the physical constriction of the Antarctic Circumpolar Current in the Drake Passage. Similar explanations have been advanced to explain higher productivities and standing stocks at other oceanic fronts (13, 22) .
Size fractionation has been used by ecologists to describe, in relative terms, the distribution and structure of marine organisms in pelagic ecosystems (29) . Sieburth et al. (37) used this approach to sort plankton into size categories, dividing numerous trophic compartments of plankton by using a spectrum of size classes. We adapted the (37) terminology of these authors to our size classes, namely, picoplankton (0.4 to 3 ,um), nanoplankton (3 to 10 ,um), and microplankton (10 to 100 ,um). Large differences in the relative amounts of picoplankton, nanoplankton, and microplankton were apparent across zones and fronts and at different depths in the euphotic zone. The greatest fluctua- Tables 2 and 3 for statistical data.
tion was within the nanoplankton fraction, which often constituted more than 50% of the total microbial biomass. In addition, the distribution of biomass within the size classes appeared to be spatially independent; i.e., the size classes had no obvious relationships to each other.
Microbial ATP concentrations of 30 to 40 ng/liter in the eastern South Pacific Ocean and 80 to 90 ng/liter in the Drake Passage were found in the Polar Frontal Zone and the Subantarctic Zone. Estimates of microbial biomass (carbon) were calculated from the ATP concentration in the particulate fraction, assuming a ratio of carbon to ATP of 250:1 (25) . In terms of carbon, microbial biomass in the Pacific sector of the Southern Ocean and in the Drake Passage ranged from <1 to 10 p.g of C per liter and from >1 to 25 pg of C per liter, respectively. Other estimates of microbial biomass (ATP) in the Antarctic indicated that microbial biomass was two to four times higher south of the Polar Front than north of the Polar Front and that there is a 10-to 20-fold decrease in biomass below 200 m (6). We found a three-to fivefold decrease in biomass below the euphotic zone in the eastern South Pacific Ocean and Drake Passage. The biomass values showed little, if any, horizontal or vertical variation below 200 m across the Southern Ocean (Fig. 5 and 6 ). In coastal Antarctic waters, microbial biomass (ATP) values range from 25 jig of C per liter to 1 mg of C per liter (19) . In the oligotrophic gyre of the North Pacific, microbial biomass (ATP) values are about 5 to 25 p.g of C per liter (4). Thus, the microbial biomass at the fronts of the permanently cold Southern Ocean is comparable to the microbial biomasses of some nearshore Antarctic waters and warmer oligotrophic waters of the North Pacific. The ATP biomass of the picoplankton, primarily bacteria and other small protista, can be compared with our estimates of bacterioplankton biomass (18) . Bacterioplankton carbon values were estimated by assuming a conversion factor of 5 x 10-15 g of C per cell (14) . Bacterioplankton numbers varied from 1 x 105 to 3. 2-p.m filters were used for bacterial counts, the contribution of bacterioplankton to total microbial biomass was probably overestimated. However, the 20% estimate for the Southern Ocean is similar to other estimates of the bacterial biomass contribution to total microbial biomass (4 to 25% [12] and 15 to 35% [1] ). In coastal waters of Antarctica, free-living bacteria that passed through a 0.6-p.m Nuclepore filter accounted for roughly 10% of the microbial biomass (19) .
Microorganisms that exist in the Southern Ocean (temperature range, -2 to 10°C) are presumably adapted to the low temperatures (28, 32, 44) . Many are believed to be obligate psychrophiles with optimum growth below 15°C and no growth above 20°C. Approximately 80% of the bacteria isolated from Antarctic waters did not grow at temperatures above 20°C (44) , and the uptake of radiolabeled organic substrates by microorganisms was often blocked at temper- The growth potential of the planktonic assemblages was assessed by two methods. For in situ evaluation, the AEC method requires no incubation and assesses physiological state. The other method involves experimental incubation (growth bottles) and assesses the growth potential of picoplankton. For field samples, the accuracy of the AEC method is between 0.05 and 0.1 U. On the other hand, the accuracy of incubation experiments is hindered by the physical manipulations and containment of water samples, and the results from these experiments should be viewed cautiously (7, 39) . As expected, the AEC data suggest that most pelagic microbial populations in the Drake Passage were at a higher physiological state than the populations in the eastern South Pacific Ocean. We attribute the high physiological state in the Drake Passage waters to hydrographic processes in the area resulting from constriction of the Circumpolar Current. Our experimental results indicate that temperature exerts the greatest control on the growth potential of heterotrophic picoplankton and that the addition of dissolved organic nutrients has little effect on growth potential unless the temperature is increased 5°C above the ambient temperature.
Picoplankton growth can be estimated from our experimental incubations and compared with our previous estimates of bacterioplankton growth in Antarctic waters (18) . Growth rates based on increases in ATP concentration over time (36) were calculated from slopes of the best-fit regression analyses (Tables 2 through 4 ) and converted to carbon by using a ratio of carbon to ATP of 250:1 (25). Although we assumed that most of the predators of picoplankton were physically removed by filtration through 3-,um filters, small protozooplankton (<3 ,m) do pass through these filters. Our results indicate that growth was highest when temperatures were increased above ambient levels, but sometimes growth was very slow and in other cases ATP concentrations indicated a loss of biomass. We believe that this variation was due to the presence of predatory organisms, the presence of nutrients needed to sustain picoplankton growth above the level removed by predatory organisms, possible changes in ATP content of the cell (physiological state), and loss due to autolysis. The slopes of the best-fit lines to the experimental data indicate that there were negative and positive picoplankton growth rates (7) . When positive values were used, the growth rates of the picoplankton in vitro ranged from a few micrograms of carbon per liter per day to 11 ,ug of C per liter per day; these values agree with the values estimated by determining the frequency of dividing bacterioplankton (0.6 to 17 ,ug of C per liter per day) (18). Sheldon and Sutcliffe (36) found that the growth rates of microplankton (20 to 200 ,um) in vitro were also quite variable, ranging from 9.9 to 50.5 p,g of C per liter per day in 
